Data obtained from a pair-mated ostrich flock located at Oudtshoorn in South Africa were used to derive line differences for live weight and reproduction performance in sexually mature ostriches of the Zimbabwean Blue (ZB) and South African Black (SAB) strains during 2003 to 2006. At the commencement of breeding ZB breeding stock were, on average, between 9 and 13% heavier than SAB contemporaries. At the cessation of breeding the superiority of ZB birds was reduced to between 4 and 8%, expressed relative to SAB breeding stock. Live weight at the commencement of breeding was complicated by an interaction between sire line and year. The interaction resulted from no line differences between SAB and ZB males in 2003, contrasted to marked differences in subsequent years. Egg production was affected by dam line, but not by the line of the sire or the interaction between dam line and sire line. Egg production of SAB females was almost twice that of ZB contemporaries, at respectively 43.3 and 23.3 eggs per season. The number of infertile eggs was not affected by any of the independent variables considered. The number of shell deaths was affected by both sire line and dam line. Overall, SAB females sustained lower levels of shell deaths than ZB females, while the eggs produced by mates of SAB males had higher shell deaths than mates of ZB males. Chick production was affected by dam line; the effects of sire line and the dam line x sire line interaction being non significant. Overall, SAB females produced more than double the number of chicks produced by their ZB contemporaries, at respectively 23.1 and 10.6 chicks per season. Both egg production and chick production were affected by a dam line x year interaction. No dam line difference was observed during 2003, whereas SAB females clearly outperformed ZB females in subsequent years. Further studies on the ostrich bloodlines and their crosses are needed to devise a selection and crossbreeding strategy for improving production and profitability in the industry.
Introduction
Research on the extensive breeding of common domesticated species such as poultry, cattle, pigs and small ruminants, has been done for a number of decades. Genetic and crossbreeding parameters, as well as line and breed differences, are thus readily available for these livestock species. Access to this information facilitates structured breeding programmes, involving line and crossbreeding and exploiting sexual dimorphism and heterosis. However, such information is severely limited or totally lacking in the ostrich industry (Cloete et al., 2002; Brand et al., 2005) . It is thus impossible to provide the ostrich industry with definite guidelines as far as breed or strain differences are considered (Petitte & Davis, 1999; Cloete et al., 2002) . Observations made by Jarvis (1998) suggested considerable variation in mature live weight of the various strains of ostriches that are available for commercial production. Subsequent research suggested that Zimbabwean Blue ostriches (ZBStruthio camelus australis) are heavier than South African Blacks (SAB -S. c. var. domesticus) at the same age (Essa & Cloete, 2006; Hoffman et al., 2007) . In contrast, preliminary results suggested that SAB ostriches have a distinct advantage over ZB birds in terms of reproduction rate .
Several authors have suggested that the crossbreeding of different ostrich bloodlines could improve overall performance. According to Cloete et al. (2002) , research into the crossbreeding of various lines constituting the current commercial ostrich population is urgently needed. At present, there is a tendency to crossbreed Kenyan Redneck (Struthio camelus massaicus), ZB and SAB ostriches without scientific evidence to guide crossbreeding decisions (Petitte & Davis, 1999) . It is contemplated that appropriate selection and culling strategies, together with crossbreeding, could improve the performance of the current and future flocks (Bunter et al., 2001a) . Preliminary results suggest that the relative size advantage of ZB ostriches is compromised to an extent by poor chick survival (Essa & Cloete, 2006) . However, the progeny of ZB males and SAB females had a similar survival rate to purebred SAB birds, while they clearly outperformed the latter strain in terms of growth rate (Essa & Cloete, 2006) .
It is a prerequisite that the relative performance of strains or lines is known before a viable crossbreeding enterprise is planned. This study updates estimates for live weight and reproductive traits (including eggs produced, infertile eggs, dead-in-shell eggs, eggs not incubated as well as chicks produced) by ostrich males and females consisting of ZB and SAB ostriches.
Materials and Methods
Experimental animals used in the study were SAB and ZB birds from the commercial ostrich breeding flocks at the Oudtshoorn Research Farm (ORF) near Oudtshoorn, South Africa. The commercial SAB population has long been available on the experimental farm (Van Schalkwyk et al., 1996) , while a population of ZB has recently been acquired from commercial producers . These birds were introduced to the experimental farm during March 2003, about two months prior to being joined in a pair-breeding structure on 28 May 2003. The birds were joined according to a structured breeding programme, involving the two pure strains and the reciprocal cross between them. One hundred and nine SAB breeding pairs and 12 ZB breeding pairs represented the purebred combinations. The crossbred combination involving SAB males mated to ZB females was represented by 13 breeding pairs, while 24 breeding pairs represented ZB males mated to SAB females. Breeding ceased on 27 January 2004, when the birds were taken out of the breeding paddocks. The same basic outlay was followed during [2004] [2005] [2006] . The number of breeding pairs for the purebred combinations did not remain constant for the subsequent breeding seasons, as some birds were lost or incapacitated for breeding while new young breeders were introduced each year. However, it was ensured that each combination was represented by adequate numbers throughout. Only animal-year data of individuals present at the commencement and cessation of breeding were considered for statistical analysis of live weight data, while reproduction traits were only assessed in breeding females that were paired off for the entire season of eight months (June to January). Pairs that were disrupted by the death or incapacitation of a member were thus excluded when reproduction was assessed.
The same standard procedure was followed for the management of breeding pairs. During the off-season (February to May) the two different bloodlines of ostriches were maintained together in single sex flocks that had access to lucerne (Medicago sativa) pastures. The birds also had ad libitum access to gender specific diets of hammer-milled lucerne with a mineral-vitamin premix. Routine management included the harvesting of the white plumage (clipping and plucking). A standard drenching, vaccination and ectoparasite treatment was applied to all breeding birds. Birds were flushed two weeks prior to the breeding season with strategic dietary supplements (Lambrechts, 2004) . Breeding pairs were housed in paddocks of ca. 0.25 ha. Paddocks were situated in the same area on the ORF. The typography is rolling with isolated shrubs and a rocky surface. Foraging material in the paddocks was limited and was consumed shortly after the commencement of breeding. No artificial shelter was supplied. All birds received the same breeder diet (8.5 MJ metabolisable energy and 120 g protein/kg dry matter) at a level of 2.5 kg per bird per day throughout the entire breeding season, with free access to drinking water. Based on the preliminary results pertaining to the relative weight of the respective genotypes , it was decided to provide ZB pairs with 2.8 kg per day, and mixed pairs with 2.65 kg/day for the 2005 and 2006 breeding seasons. A standard procedure was followed for the management of eggs and chicks. Eggs were identified according to paddock number and date of production, and were collected in the evening on a daily basis. Egg production was recorded individually for each breeding paddock in the experiment. Eggs were transferred to the incubation facility in specially designed crates (to minimize transport and shock damage) immediately after collection. Eggs were disinfected through exposure to ultra-violet irradiation for 20 min in a UV disinfectant machine. After sanitation, eggs were stored for a maximum of six days in a cool room at 17 °C and 75% relative humidity, and were turned once daily through an angle of 45°. Eggs were stored upright with the air cell in the uppermost position. Eggs not suitable for incubation were noted for each breeding paddock in the experiment and removed from storage. There are various reasons for eggs being rejected, including: broken/cracked eggshells, chalky eggshells, loose air cells and too small eggs . The cut-off point for too small eggs was 1 -1.1 kg. The outcome of incubation for individual eggs (infertile, hatched, or dead in shell) was known (Van Schalkwyk et al., 2000; Bunter, 2002; Lambrechts, 2004) . Buckeye®, Prohatch® and Natureform® electronic incubators were used to artificially incubate the eggs for a period of 35 days at 36 °C and 28% relative humidity. Incubators were fogged weekly with F-10 for sanitation. Eggs were candled on day 21 to establish early embryonic deaths and fertility, and on day 35 to establish late embryonic deaths. Eggs showing no macroscopic development were regarded as infertile, and those with embryonic development that had ceased as embryonic deaths. After 35 days of incubation, eggs were transferred to the hatching unit, operated at 38.5 °C and 28% relative humidity. Here eggs were held vertically with no turning during the last week of incubation. Internal pipping generally commenced on the 41 st day of incubation, with external pipping some 6 -12 h later. Eggs were transferred to separate compartments after external pipping to prevent loss of chick identity. Chicks were kept in the hatcher for 24 h after hatching to allow sufficient time for the navel to close and for the chick to dry off before being dispatched to the chick rearing facility at the ORF. The number of unhatched eggs and the reasons for not hatching during incubation were recorded. All data recorded were used to determine overall egg and chick production, as well as the average percentages of infertile eggs and shell deaths for individual pairs.
Individual live weights (kg) were recorded for each bird at the commencement and cessation of breeding. Definitions for the reproductive traits were as follows:
• The number of clutches, a clutch being a sequence of eggs laid within four days (Bunter et al., 2001a) • The time taken to commence laying after the formation of breeding pairs (Bunter et al., 2001a) • The duration of lay, or time between first and last recorded egg of the season (Bunter et al., 2001a) • Total egg production: total number of eggs produced per breeding season • Number of infertile eggs for individual pairs (Bunter et al., 2001a) • Number of dead-in-shell eggs for individual pairs (Bunter et al., 2001a) • Number of eggs not incubated for reasons as set out previously • Total chick production: number of day old chicks hatched .
Live weight data of both sexes were assessed by least squares procedures (Harvey, 1990) , with the effects of bloodline (SAB or ZB), year (2003 to 2006) the bloodline x year interaction included as fixed effects. Similar analyses were conducted on reproduction data, with sire line, dam line and year as main effects. Two-factor interactions between these main effects were also computed. Number of eggs produced was included as a linear covariate in the analysis on the number of eggs not incubated. Number of eggs set was accordingly included as a covariate in analyses on the number of infertile and dead-in-shell eggs, to adjust means for differences in egg production. Interactions involving year were only presented when significant for either live weight or reproduction data (P <0.05). The random effect of animal within bloodline was included in all cases to account for the repeated recording of animals in subsequent years. The variance components derived from these analyses allowed the calculation of repeatability of the traits recorded.
Results and Discussion
Repeatability estimates (± s.e.) for live weight ranged from 0.63 ± 0.03 to 0.71 ± 0.03. Estimates for quantitative reproduction traits varied between 0.33 ± 0.05 and 0.37 ± 0.04. These estimates are consistent with those available in the literature (Van Schalkwyk et al., 1996; Cloete et al., 1998) and are not considered further.
At the commencement of breeding ZB males were heavier (P <0.01) than SAB males, the overall difference amounting to 8.2% (Table 1) . At the cessation of breeding ZB males were still heavier than SAB males (P <0.05), but the difference amounted to only 4.2% in this instance. Zimbabwean Blue females were heavier (P <0.01) than SAB females, the differences amounting to 11.5% at the commencement of breeding and 8.6% at the cessation of breeding (Table 2) . These results are consistent with a preliminary study on the same 
resource, but with only two years of data . The results are also in accordance with the fact that the body weight of ZB ostriches is expected to be larger than in SAB ostriches (Jarvis, 1998) . The latter study did not state the sex and age of the ostriches used, but ZB ostriches were shown to have a larger body weight (125 kg) in comparison to SAB ostriches (115 kg), a difference of 9% in favour of the ZB genotype. Live weight of purebred SAB females in the present study corresponded well with other reports in the literature. These include a mean live weight of 115 kg at the commencement and 111 kg at the cessation of breeding (Lambrechts, 2004) . Lambrechts et al. (1998) also reported that SAB females weighed 120 kg at the commencement of breeding. No comparable results could be found in the literature for mature ZB female ostriches. Live weight at the commencement of breeding was complicated by a significant (P <0.01) interaction between sire line and year of production (Figure 1 ). No significant difference was found between sire lines during 2003 (120.4 ± 2.8 vs. 122.8 ± 3.7 kg for SAB and ZB males respectively; P >0.05). However, ZB males were between 9.1 and 12.7% heavier than SAB males during the subsequent years (P <0.01).
No evidence of a dam line x year interaction was present for initial live weight in females, the superiority of ZB females relative to SAB females ranging from 10.4% in 2005 to 12.6% in 2003 (P <0.01). The observed sire line x year interaction was also pointed out by Brand et al. (2005) in a preliminary study involving only the 2003 and 2004 production years. The latter authors suggested that it could result from the males being treated differently (compared to the females) before being introduced to ORF. A total of 23 males were obtained from one producer and 11 from another producer, whereas all the females were obtained from the latter producer. During subsequent years, after all birds were maintained under the same conditions for approximately 1.5 years, such differences would have been eliminated. This theory is supported by the relatively constant difference in favour of the ZB bloodline in females (all years) and males during 2004 -2006 . It can thus be argued that mature ZB birds are between 9 and 13% heavier than SAB contemporaries at the commencement of breeding. The line difference appears to be less marked at the cessation of breeding, ranging from 4.2% in males to 8.6% in females. The traits number of clutches produced and the number of days from the commencement of breeding to the production of the first egg were independent of sire line, dam line and their interaction (P >0.25; Table 2 ). The mean laying interval of ZB females was shorter than that of SAB females (136 ± 9 vs. 172 ± 5 days respectively). Means for these traits are consistent with figures of 6.1 clutches per season, 41.7 days from the commencement of breeding to the first egg and a laying interval of 167 days reported by Cloete et al. (2005) . Egg production was affected (P <0.01) by dam line, but not by sire line or the interaction between dam line and sire line. Overall, the egg production of ZB females amounted to only 54% of that produced by their SAB contemporaries (23.3 ± 3.6 vs. 43.3 ± 2.1 eggs per season respectively). The close association of means for laying interval and egg production was expected, since they were reported to be governed by a largely similar set of genes . This genotype difference is consistent with a 47% difference in favour of SAB females previously reported for a smaller sample of the same study population by Brand et al. (2005) . The overall reproduction in the present study is somewhat lower compared to figures of respectively 33.6 and 49.5 eggs per season that were reported by Brand et al. (2005) . This discrepancy possibly results from the inclusion of two-year-old females in the present study while they were excluded from the previous study, as two-year-old females are known to have a lower reproduction than older females . Mean SAB performance in the present study was comparable to previous figures for egg production of 55.5 (Van Schalkwyk et al., 1996) , 51.1 (Bunter et al., 2001a ), 46.3 (Cloete et al., 2004 ), 46.3 (Lambrechts, 2004 and 44.7 .
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The number of infertile eggs produced by all bloodline combinations was fairly constant at 6 -10 eggs, and was not affected (P >0.40) by any of the independent variables considered ( Table 2 ). The number of dead-inshell chicks was affected (P <0.05) by both dam line and sire line. Overall, SAB females produced fewer deadin-shell chicks than ZB females (8.03 ± 0.52 vs. 9.80 ± 0.92 respectively), when adjusted for the number of eggs set. The mates of SAB males correspondingly had a higher number of dead-in-shell chicks than the mates of ZB males (10.70 ± 0.96 vs. 7.13 ± 0.97 respectively). Brand et al. (2005) reported similar differences in a smaller study. The seemingly robust results from both studies cannot be readily explained, and further studies are indicated. The number of eggs not incubated was affected by a significant sire line x dam line interaction after adjustment for the total number of eggs produced (P <0.05; Table 2 ). This interaction appeared to be associated with higher egg wastage in the crossbred combinations, and particularly in the SAB male by ZB female combination. This result was unexpected, and is poorly understood at present. A corresponding result was found by Brand et al. (2005) , using a smaller data set, so the result appears to be quite robust. Chick production was only affected by dam line, the effects of sire line and the dam line x sire line interaction not being significant (P >0.60). Overall, the chick production of ZB females amounted to only 46% of that produced by their SAB contemporaries in a season (10.6 ± 2.5 vs. 23.1 ± 1.5 chicks respectively; P <0.01). The corresponding means reported previously by Brand et al. (2005) were respectively 14.7 and 27.0 chicks per season for the respective genotypes. The somewhat lower means in the present study compared to those reported by Brand et al. (2005) could possibly also be ascribed to the inclusion of 2-year-old breeders, as argued previously. Comparable means found in the literature for chick production of SAB females were 29.1 (Van Schalkwyk et al., 1996) , 23.8 (Bunter et al., 2001a) , 22.9 ), 22.9 (Lambrechts, 2004 and 22.1 . These figures are all in accordance with the present results. No comparable figures for ZB females could be obtained from the literature, with the exception of those reported by Brand et al. (2005) . Overall egg and chick production were affected by a significant interaction of dam line with year ( Figures  2 and 3, respectively) . It is evident that the average performance of the lines was similar during 2003, while SAB females clearly outperformed ZB females in subsequent years. The average egg production of ZB females amounted to 96% of that for SAB females during 2003, while it declined to between 39 and 45% of average SAB performance in subsequent years. Corresponding figures for chick production were 90% during 2003, with a subsequent decline to between 26 and 36%. The production of SAB females appeared to be fairly consistent across years, and the interaction seemed to be primarily driven by the contrasting performance of ZB females during 2003 in comparison to 2004 -2006 . A comparable tendency was found in the preliminary study by Brand et al. (2005) . However, the interactions were not reported as it did not reach statistical significance with the smaller data set (P = 0.11 for egg production and P = 0.07 for chick production). The lack of consistency in the production of ZB females is obscure and can only be speculated upon. A carry-over effect of nutritional treatments upon ostrich reproduction was described by Brand et al. (2002) . However, it is considered unlikely that the on-farm treatment of the ZB females under commercial conditions prior to their introduction to the ORF could boost their performance during 2003 to the levels observed in 2004 -2006 . Since the ZB breeding stock were introduced to the ORF without details pertaining to age and pedigree, it is conceivable that some of these birds could have a fairly advanced age. It is known that ostrich egg and chick production of SAB females decline with an advanced age of older than ~10 years (Bunter, 2002; Lambrechts, 2004) . This decline is usually more evident in chick production than in egg production, apparently driven by a larger proportion of shell deaths in the eggs produced by older females . It is not known if similar trends should be expected in ZB breeding stock. Whereas the number of dead-in-shell chicks in the combination of SAB males with ZB females was unexpectedly high in the present study, no such effect was evident in the ZB females subjected to pure breeding. This result seems to be an indication against age being implicated in the observed trends. Apart from the preliminary study by , we could not find previous studies reporting reproduction data for SAB and ZB ostriches to assist in the clarification of the obtained results. The present results could therefore not be validated against previous studies involving other genetic resources. The possible reasons for the observed interaction in the present study therefore remain unresolved, and further research is required to better understand the reproduction of the respective genotypes, and also to support or refute the results found in the present study.

Conclusion
In general, live weights of ZB ostriches were higher than those of SAB ostriches. The data at our disposal also suggest that egg and chick production of SAB females was likely to be higher than that of their ZB contemporaries. However, these results need to be revisited in future as the observed dam line x year interaction cast some doubt on the robustness of these findings.
The acceptance of the obtained results suggests that it would be viable to combine the relatively high live weight of ZB males with the relatively high reproduction of SAB females in a commercial crossbreeding operation. Preliminary studies on the productivity of progeny generated by this cross are positive, as survival of ZB x SAB chicks is enhanced to levels comparable to SAB chicks, and substantially better than those observed in purebred ZB chicks (Essa & Cloete, 2006) , while live weight and carcass yield are accordingly improved relative to purebred SAB progeny (Hoffman et al., 2007) . Such a cross may also benefit from direct heterosis for chick growth and survival, which could not be quantified accurately because of a scarcity of data on crossbreeding in ostriches. Further studies on the relative reproduction performance of the two genotypes and their crosses are required to supplement these preliminary findings.
